The ring-opening polymerization of ethylene carbonate was examined using ionic liquids, 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim]BF 4 ) and 1-butyl-3-methylimidazolium chlorozincate ([bmim]Cl-(ZnCl 2 ) x ), as polymerization catalysts. It was shown that the polymerization was accompanied with decarboxylation and chain cleavage reaction. As the reaction time increased, the monomer conversion increased and the content of ethylene carbonate units in the resultant polymer decreased, while the polymer molecular weight increased at first, reached a maximum and then decreased. It was also found that not only the polymerizing activity of the [bmim]Cl-(ZnCl 2 ) x but also its performance for suppressing the decarboxylation and chain cleavage increased with the molar fraction of ZnCl 2 . It was deduced that the catalytic performance of ionic liquids mainly depended on their inorganic anions and that the larger the amount of these anions in the reaction system, the better the catalytic performance. The polymerizing activity of ionic liquids was much higher than conventional catalysts often used for the polymerization of ethylene carbonate.
Introduction
Aliphatic polycarbonates have received considerable attention due to their outstanding biocompatibility and biodegradability leading to a number of their applications in biomedical materials [1, 2] as well as in polyurethane and surfactant industry [3, 4] . A popular way to synthesize these polymers is the ring-opening polymerization of cyclic carbonates, usually carried out in the presence of different kinds of initiators and/or catalysts [5, 6] .
In industry, five-membered cyclic carbonates such as ethylene carbonate and propylene carbonate can be easily obtained through an environmentally friendly process, i.e. urea alcoholysis, which does not rely on the petrochemical (epoxide) and poisonous phosgene [7] . Nevertheless, the ring-opening polymerization of these cyclic carbonates of the smallest ring size is rather difficult to take place and involves partial decarboxylation and loss of carbon dioxide, irrespective of the polymerization conditions [8] [9] [10] [11] [12] [13] [14] . For example, the polymerization of ethylene carbonate results in the formation of a copolymer consisting of ethylene oxide units and ethylene carbonate units, i.e. poly(ethylene ether-carbonate)s, as represented by the following chemical equation [9] 
It has been reported that ethylene carbonate can be polymerized using Lewis acids, transesterification catalysts and bases as initiators or as polymerization catalysts [5, [9] [10] [11] [12] [13] [14] . When Lewis acids or transesterification catalysts were used, the resultant polymers normally contained about 40-50 mol% of ethylene carbonate units for the reaction temperature of 150-170 o C and the reaction time of 70-100 h [10] [11] [12] [13] . When bases were used, the resultant polymers contained 10-20 mol% of ethylene carbonate links for the temperature of 150 o C and the time of 72-98 h [9, 14] . One of main disadvantages of these initiators or catalysts is that they all have a low activity of polymerization, which leads to a high reaction temperature and a long reaction time, needed to reach 100% conversion of ethylene carbonate. For instance, the reaction temperature of 180-200 o C was found to be suitable for the polymerization of ethylene carbonate in the presence of potassium hydroxide [9] .
Ionic liquids, which are noncorrosive and nonflammable organic salts comprised entirely of ions, are liquids below 100 o C and, as consequence of their nature, show some intriguing features such as extremely low vapor pressure, high thermal stability, the ability to retain the liquid state over a wide temperature range and the ability to solvate many organic, inorganic and polymeric materials [15] . In recent years, ionic liquids have received much attention as green solvents or catalysts used for numerous chemical reactions [16, 17] . As for polymerizations in ionic liquids, olefin polymerization [17, 18] , oxidative polymerization of benzene to poly(p-phenylene) [19] , galvanostatic polymerization of 3-methylthiophene to poly(3-methylthiophene) [20] , enzymatic polymerization [21] and ring-opening polymerizations of ε- )), were used as polymerization catalysts. The monomer conversion, the content of ethylene carbonate units in the resultant polymer and the polymer molecular weight were all examined as the function of reaction time.
Results and discussion

Polymer product
The FT-IR spectra of ethylene carbonate and its polymerizing reaction mixtures are illustrated in Fig. 1 , where the polymerizations catalyzed with IL A for 6 h and with IL B 0.67 for 15 h give the monomer conversions of 23.5% and 100%, respectively (see Tab. 1). It can be seen that the C=O stretching vibrational frequency of the polymer product (1745-1747 cm -1 ) is lower than that of ethylene carbonate (1809 cm -1 ), indicating that the ring-opening polymerization of ethylene carbonate has effectively proceeded in the presence of the ionic liquids examined. However, a noticeable feature of the polymerization catalyzed with ionic liquids is that vigorous gas evolution took place from the reaction mixture at the beginning of the reaction and continued until the reaction termination, which represents the occurrence of frequent decarboxylation and loss of carbon dioxide during polymerization. oxygen (C-O) stretching vibration of the ethylene oxide units. These confirm that the repeating units of the resultant polymer are a mixture of the monomeric units (ethylene carbonate units) and the decarboxylated units (ethylene oxide units). The polymer chemical structure is also revealed by the 1 H-NMR spectra of the polymerizing reaction mixtures, illustrated in Fig. 2 for the ring-opening polymerization catalyzed with IL A. There are four kinds of spectrum signals corresponding to different protons in these spectra. The singlet at 4.54 ppm is ascribed to the methylene protons of unreacted monomer (referred to as proton a); the two triplets at 4.26 and 3.70 ppm are attributed to the methylene protons of the ethylene carbonate units in the polymer, i.e. methylene protons adjacent to the oxygen atom (proton b) and distant from the oxygen atom (proton c), respectively; the multiplet at 3.50-3.66 ppm is assigned to the methylene protons of the ethylene oxide units in the polymer (proton d). Thus it can be seen that the polymer product contains ethylene oxide units and ethylene carbonate units.
It should be further mentioned that the obtained polymer has a linear structure with ethylene carbonate-ethylene oxide repeating units (see Eq. 1). For the polymerization of ethylene carbonate, the smallest ring size formed by the intramolecular cyclization is an eight-membered ring [9] . However, the formation of these rings by intramolecular cyclization reactions is rare. As is well known, five-and six-membered rings form easily by intramolecular cyclization. As the ring size increases from sevenmembered ring, intramolecular cyclization becomes harder, and cyclization is very unlikely if it produces nine-to twelve-membered rings. The detailed studies of intracyclization vs linear polymerization can be found elsewhere [24, 25] .
Catalytic performance of ionic liquids
By peak integration of the 1 H-NMR spectra of the polymerizing mixtures, the monomer conversion and the polymer composition can be calculated as follows: 
where A a , A b , A c and A d are, respectively, the peak intensities of protons a, b, c and d in the 1 H-NMR spectra, X the conversion of ethylene carbonate, and Y the content of carbonate units in the polymer product. The computational results are listed as a function of the reaction time in Tab. 1. The polymer molecular weights determined with the GPC measurements are also given in this table. Fig. 3 illustrates the molecular weight change of the reaction mixtures with the reaction time for the ringopening polymerization catalyzed with IL A. To fully justify the importance of the ionic liquids, a blank test was previously carried out without using any ionic liquid in the reaction medium and resulted in only 15.1% conversion of ethylene carbonate after 15 h reaction at 150 o C. It shows that all the ionic liquids examined are active in the ring-opening polymerization of ethylene carbonate.
As expected, for any ionic liquid, as the reaction time increases the monomer conversion increases. However, for any ionic liquid, the content of carbonate units always has its maximum at the early stage of the polymerization, and then decreases with increasing the reaction time. These results are also obvious from Fig. 2, which shows that at the early stage of reaction, the proton peaks due to the unreacted monomer (proton a) and due to the polymer (protons b, c and d) are both visible. As the reaction time increases, the proton peak intensity of the monomer decreases and the proton peak intensity of ethylene oxide units in the polymer increases. However, the two proton peak intensities of ethylene carbonate units in the polymer reach their maxima at the early stage of reaction, and then seem to somewhat decrease with increasing the reaction time. It can also be seen from Tab. 1 that for the IL A and IL B 0.50 , the molecular weight of the polymer always increases at first, reaches a maximum, and then decreases with increasing the reaction time, indicating the polymerization may be accompanied not only with the decarboxylation but also with the polymer chain cleavage reaction. For the IL B 0.67 and IL B 0.33 , the polymer molecular weight always increases in the examined range of the reaction time; however, it can be foreseen that if the reaction will continue for some more time, the polymer molecular weight affirmatively decreases after it reaches a maximum. The changing rule of the polymer molecular weight can also be concluded from Fig. 3 .
Tab. 1.
The peaks at about 9.4 min are due to the monomer and the peaks at earlier elution times are due to the polymer. In the early stage of reaction (<12 h), both monomer and polymer peaks are visible, with the monomer peak intensity decreasing while the polymer peak intensity increases. After 15 h, only the polymer peak is visible. The molecular weight of the polymer increases (the elution time decreases) as the reaction time increases up to 12 h and then starts to decrease.
As shown in Tab. 1, the IL B 0.33 gives a fairly low monomer conversion, a low content of carbonate units and a low polymer molecular weight, indicating a very poor catalytic performance of the neutral ionic liquid. Compared with the IL B 0.50 , the IL B 0.67 needs a shorter time to reach 100% monomer conversion and results in a higher content of carbonate units and a higher polymer molecular weight. Especially, the IL B 0.67 gives 48.0 mol% of the content of carbonate units at the early stage of the polymerization and molecular weight of maximum 2809 after 15 h reaction. These results show that the larger the molar fraction of ZnCl 2 in the IL B x , the higher the catalytic activity of polymerization and the more effectively the decarboxylation and polymer chain cleavage are both suppressed.
In addition, it is found from Tab. 1 that the IL A and IL B 0.67 need approximatively the same time to reach 100% monomer conversion, showing that their catalytic activities of polymerization are very close each other. Nevertheless, for any reaction time, the IL B 0.67 gives a little lower content of carbonate units and a much higher molecular weight of the polymer than the IL A does. Therefore, the IL A has a much worse performance for suppressing the polymer chain cleavage and a bit better performance for suppressing the decarboxylation.
On the polymerization and catalytic site in ionic liquids
The ring-opening polymerization in the presence of ionic liquids seems to divide into two stages. In stage 1, there exist only two main reactions, the polymerization and decarboxylation, resulting in the fact that the monomer conversion and the polymer molecular weight increase and the content of carbonate units decreases with increasing the reaction time. However, not only the polymerization and decarboxylation but also the polymer chain cleavage occur in stage 2, where the polymer molecular weight and the content of carbonate units decrease and the monomer conversion increases with increasing the reaction time if the 100% conversion is still not reached. All these reactions may be strongly dependent on the nature of the catalytic site in ionic liquids.
The IL A and IL B 0.33 are neutral, while the IL B 0.50 and IL B 0.67 are acidic. The acidity of the IL B x increases with increasing the molar fraction of ZnCl 2 . As mentioned above, the larger the molar fraction of ZnCl 2 , the higher the catalytic activity of the IL B x for the polymerization and the more effectively the decarboxylation and polymer chain cleavage are both suppressed. However, there is no evidence that the catalytic performance of ionic liquids is related to their acidities, since the neutral IL A also shows a good polymerizing performance.
It is known that ionic liquids typically consist of organic nitrogen-containing heterocylic cations and inorganic anions [16, 17] . 2 ; therefore, it can be deduced that the catalytic performance of ionic liquids mainly depends on their inorganic anions and that the larger the amount of these anions in the reaction system, the better the catalytic performance. Moreover, the zinc or boron atom in the anions of ionic liquids may act as the main catalytic site for the ring-opening polymerization of ethylene carbonate, even for neutral ionic liquids.
Conclusions
The catalytic performances of the IL A and IL B x ionic liquids for the ring-opening polymerization of ethylene carbonate were examined. It is affirmed that the polymerization takes place accompanied with decarboxylation and chain cleavage reaction to give a copolymer consisting of ethylene oxide units and ethylene carbonate units. It is found that for any ionic liquid examined, as the reaction time increases the monomer conversion increases and the content of carbonate units in the resultant polymer, always having its maximum at the early stage of the polymerization, decreases; however, the polymer molecular weight increases at first, reaches a maximum, and then decreases with increasing the reaction time. Experimental results also show that with the increase of the molar fraction of ZnCl 2 , not only the polymerizing activity of the IL B x but also its performance for suppressing the decarboxylation and chain cleavage increase. Compared with the IL B 0.67 , the IL A has the same catalytic activity of polymerization, a much worse performance for suppressing the chain cleavage and a bit better performance for suppressing the decarboxylation. It is concluded that the catalytic performance of ionic liquids mainly depended on their inorganic anions and that the larger the amount of these anions in the reaction system, the better the catalytic performance.
Experimental part
Materials
The chemical reagents used were of AR grade and purchased from China market. Ethylene carbonate was dried over P 2 O 5 and then fractionally distilled under vacuum. Other chemicals were used without further purification. Ionic liquids were prepared according to the procedures reported in the literature [26] [27] [28] .
Polymerization of ethylene carbonate
The 4.0 mol (352.0 g) of ethylene carbonate and the 0.04 mol of one ionic liquid were mixed in a 500-ml four-necked round-bottom flask equipped with a mechanical stirrer, thermometer, nitrogen inlet and reflux condenser. After the mixture was heated to 150 o C in an oil bath, the ring-opening polymerization proceeded under stirring for at least 15 h. Nitrogen gas was continuously passed through the flask during the reaction. About 2 ml of the reaction mixture was sampled at given times using a syringe to prevent air and moisture contamination of the reaction.
Analysis of polymerizing reaction mixture
Infrared spectra of the polymerizing reaction mixtures were recorded on a Nicolet 5700 Fourier transform infrared (FT-IR) spectrometer.
1 H-NMR (300 MHz) spectra of the reaction mixtures were obtained by a Bruker 300 spectrometer with CDCl 3 as solvent and TMS as internal standard. After being dissolved in THF and then neutralized to pH = 7 with acetic acid, the reaction mixtures were also measured for the determination of the polymer molecular weight by a PerkinElmer Series 200 gel permeation chromatography (GPC) instrument equipped with a refractive index detector. THF was used as eluent at a flow rate of 2.0 ml/min at 40 o C. The calibration plot was constructed using polystyrene standards.
